Local translation can support memory consolidation by supplying new proteins to synapses 1 undergoing plasticity. Translation in adult forebrain dendrites is an established mechanism of synaptic 2 plasticity and is regulated by learning, yet there is no evidence for learning-regulated protein synthesis 3 in adult forebrain axons, which have traditionally been believed to be incapable of translation. Here we 4
Introduction 13 14
Neurons use local translation as a means of rapid, spatially-restricted protein regulation in their 15 distal processes, particularly during remodeling driven by external cues [1] [2] [3] . Memory consolidation 16 requires new proteins to stabilize molecular changes induced by learning 4, 5 , and local translation in 17 dendrites is thought to be an essential source of these proteins 6 . Rich and diverse assortments of 18 mRNAs have been described in neuropil of the mature hippocampus 7-9 and in cortical 19 synaptoneurosomes 10 , underscoring the importance of decentralized translation in synaptic function. 20
Yet no role for axonal translation in learning and memory has been reported in the adult forebrain. 21
Translation has long been known to occur in invertebrate axons, and it is now established to be 22 essential for growth and response to guidance cues in developing CNS axons, and in regeneration of 23 PNS axons [11] [12] [13] [14] . Adult forebrain axons, in contrast, traditionally have been characterized as lacking the 24 capacity for translation, in part due to a lack of reliable evidence, and in part to the perception that they 25 are structurally and functionally inert compared to dendrites and immature axons. 11, 12, 15 . However, a 26 number of recent studies have shown that mature axons are in fact capable of translation, at least in 27 some circumstances [16] [17] [18] , including in the CNS [19] [20] [21] [22] . This work has largely been done with cultured 28 neurons, but one study used translating ribosome affinity purification (TRAP) to isolate ribosome-bound 29 mice 20 , demonstrating that translation does occur in 31 adult CNS axons in vivo. Presynaptic translation has 32 been shown to be necessary for long-term 33 depression in hippocampal 23 and striatal 24 slice 34 preparations from young animals, indicating that 35 axonal translation is involved in synaptic plasticity 36 and therefore could be important in memory as well. 37
Auditory Pavlovian conditioning (fear or 38 threat conditioning), in which animals learn to 39 associate an auditory tone with a foot shock, is 40 supported by persistent strengthening of synaptic 41 inputs to the lateral amygdala (LA) from auditory 42 areas 25 . The LA receives strong excitatory input 43 from auditory cortical area TE3 [26] [27] [28] , and Pavlovian 44 conditioning induces persistent enhancement of 45 presynaptic function at these synapses 29, 30 . 46
Consolidation of threat memory requires translation 47
in the LA 31 , and we have found that it induces 48 changes in the translational machinery in LA 49 dendrites associated with synapse enlargement 32 . 50 Intriguingly, we also found that learning-induced 51 structural changes occurred at individual axonal 52 boutons as opposed to uniformly along axons, 53
suggesting that plasticity may be as synapse-54 specific and compartmentalized on the presynaptic 55 side as it is on the postsynaptic side 33 . To determine 56 whether axonal translation is involved in memory 57 formation, we confirmed the presence of translation 58 machinery in LA axons, and combined TRAP with RNAseq to identify changes in the translatome of 59 auditory cortical axons during memory consolidation. 60 61 containing immunolabel for ribosomal protein s6 (arrow).
Scale bars = 500nm.
Early electron microscopy studies reported 64 abundant polyribosomes in the somata and 65 dendrites of neurons, but rarely in axons (reviewed 66 in 12, 34 for this is that these axons contain translation 87 machinery that does not usually assemble into 88 polyribosomal structures with traditionally 89 recognizable morphology. To more directly assess 90 the potential for translation in LA axons, we used 91 immuno-electron microscopy to localize components of the translation machinery. Because translation 92 initiation is most extensively regulated step in gene expression, as well as a critical mediator of memory 93 and eIF2 each were present in axons forming synapses onto spiny dendrites in the caudal 95 dorsolateral subdivision of the LA (Figure 1c-e) , which receives the most robust projections from TE3 26-96 28 , as was ribosomal protein S6 (Figure 1f ). These synapses have the same classic excitatory 97 morphology as the glutamatergic projections from TE3 to LA 28 , consistent with local translation on TE3 98 inputs. Quantification of eIF4E immunolabel through serial sections of neuropil revealed that 63% of 99 axons were labeled, along with 39% of dendritic spines and 100% of dendritic shafts (Supplementary 100 Figure 1f- Figure  112 2a-b). Pilot experiments using an adeno-associated viral vector resulted in moderate to strong 113 retrograde infection of cells in afferent areas. To ensure that no cell bodies outside of the injection site 114 expressed the construct, we switched to a lentiviral vector, which did not result in retrograde infection.
115
Immuno-electron microscopy confirmed the presence of eYFP in LA axons (Figure 2c -f).
116
TRAP was combined with Pavlovian conditioning to determine how the axonal translatome 117 changes during memory consolidation (Figure 3a) . Animals expressing eYFP-L10a in TE3 were given 118 either Pavlovian conditioning, consisting of auditory tones paired with mild foot shocks in a familiar 119 chamber (the trained group), or exposure to the chamber alone (the control group Figure 3a) . In order to minimize 153 false positives introduced by the TRAP procedure, 154
only genes that were differentially expressed 155 between TRAPed samples were included. Although 156 this should account for much of the background from 157 the experimental procedures, it does not account for differences between the background transcriptome 158 of the tissue samples, and we therefore excluded genes that were differentially expressed in the 159 corresponding tissue transcriptomes. Finally, genes that were differentially expressed between 160
TRAPed samples were excluded if the enriched sample also was not enriched versus the tissue 161 transcriptome. We defined genes that met these criteria as axonal if they were regulated by learning in 162 the axons, enriched in the axons versus the cortex in either experimental group, or both. Examination 163 of expression levels showed that our filtering method selected for more abundant genes with higher 164 correlation between experimental replicates (Supplementary Figure 3b) . Of the 1482 axonal genes 165 identified, the majority (1028) were also either regulated or enriched in the cortex (Figure 3c ), and an 166 additional 703 genes were regulated or enriched only in the cortex (defined as "cortex-only" genes).
167
To directly assess the background introduced by the IP procedure, we repeated the TRAP 168 experiment with a lentivirus encoding eYFP in place of L10a-eYFP. As expected, there was substantial 169 overlap between genes enriched in the TRAP and eYFP-IP samples versus the tissue transcriptome 170
(Supplementary Figure 3c ). There were, however, very few learning-regulated mRNAs in the eYFP-IP 171 experiment, and these had little overlap with the TRAPed mRNAs, and even less after the filtering step. cortex-only genes were enriched for terms associated with the cell body, nucleus, and dendrites ( Figure  183 3d). To ensure that our filtering process did not dramatically skew the composition of the final dataset, 184
we also analyzed the unfiltered set of axonal genes. The resulting list of terms was similar, although 185 enrichment levels were lower, consistent with a lower signal-to-noise ratio in the unfiltered data 186 (Supplementary Figure 4a) . Comparison between the filtered data from the TRAP and eYFP-IP 187 experiments revealed little similarity between the most enriched GO terms (Supplementary Figure 4b) . 188 The majority of genes in the 209 translatome (75%) were regulated by 210 learning, with 19% and 6% of the 211 remainder enriched in the cortex or 212 axons, respectively. 40% of regulated 213 genes showed significant changes in 214 both axons and cortex, and all but one 215 of these (the mitochondrial enzyme 216 Dlst) were regulated in opposite 217 directions ( Figure 4a ). The magnitude of change in the axons and cortex was significantly correlated 218 for these genes, particularly for those downregulated in axons and upregulated in cortex ( Figure 4b ).
219
Expression levels in the axons and cortex were significantly correlated in both training groups 220 regardless of learning effects, although genes that were upregulated in the axons showed the highest 221 correlation ( Supplementary Figure 6a-b ). In the control group, genes that were downregulated in axons 222
showed the lowest correlation between the two areas, but this increased in the trained group, 223 particularly for genes that were also upregulated in the cortex. These results suggest that the axonal 224 translatome is not regulated independently, but that compartment-specific translation is coordinated 225 within the cell. This is underscored by the fact that only 63 genes encompassed the 50 most abundant 226 in both areas and conditions (Supplementary Figure 6c) . Genes that were upregulated in axons had 227 the highest expression levels in both areas and conditions, further suggesting common regulatory 228 mechanisms (Figure 4c ). In contrast to the TRAP experiment, there was no overlap between the 115 229 genes regulated by learning in axons and the 21 regulated in cortex in the eYFP-IP experiment.
230
Performing DAVID analysis separately on upregulated and downregulated genes revealed that 231 learning had inverse, function-specific effects on the axonal and cortical translatomes (Figure 4d ). To 232 further explore the effects of learning on cellular functions, we used Ingenuity Pathway Analysis (IPA) 233 software (Qiagen). IPA evaluates changes in gene expression with respect to a database of known 234 pathways and functions, and assigns an enrichment p-value along with a z-score predicting activation 235 or inhibition of a pathway based on published data. A search for upstream regulators found that most 236 of the enriched pathways had opposite z-scores in the axons and cortex (Figure 4e , Supplementary 237 (Figure 4e ).
287
Mitochondrial and ribosomal genes made up half of the most highly expressed genes 288 (Supplementary Figure 4c) , which could account for the high average expression level of upregulated 289 Table 1 . Examples of genes found in auditory cortical axons during memory consolidation by function and effect of learning. Genes in bold type were changed in the opposite direction in the cortex.
axonal genes (Figure 4 ). However, removing these genes did not substantially lower the mean 290 expression levels (Supplementary Figure 6d) , indicating that high expression is a feature of upregulated 291 genes independent of function.
292
Genes downregulated in axons encoded more diverse types of proteins than upregulated genes.
293
These included cytoskeletal components and molecular motors, including tubulins, myosins, dyneins, 294 kinesins, and neurofilaments ( Figure 4d , Table 1 ). Genes encoding synaptic proteins, including synaptic 295 vesicle cycle, active zone, and postsynaptic density proteins, were downregulated, as were signaling 296 molecules and components of the ubiquitin/proteasome pathway and myelin sheath. We used DAVID 297 to examine the 25% of genes in our dataset that were not regulated by learning to determine if there 298
were any functions specific to these genes, but found only one term, "mitochondrion," enriched in axonal 299 genes, and terms relating to the somatodendritic compartment enriched in the cortex (Supplementary 300 Figure 5a ).
301
We compared the learning-regulated genes to published translatomes of in vivo RGC axons 20 302 and transcriptomes of cultured DRG and cortical axons [17] [18] [19] , and found that genes that overlapped with 303 only the RGC axon translatome were twice as likely to be downregulated as upregulated; in contrast, 304 the converse was true of genes in the cultured axon transcriptomes (Figure 4f ). Regulated genes 305 generally had more overlap with datasets from less mature axons, suggesting similar regulation of 306 axonal translation during learning and development (Supplementary Figure 7b) . Upregulated genes 307
were much more likely to overlap with genes downregulated rather than upregulated in response to 308 injury 19 , consistent with similar translation patterns leading to depletion from the transcriptome.
309
To verify axonal localization of mRNA in the amygdala in vivo, we used fluorescence in situ 310 hybridization (FISH) combined with immunolabeling for axonal neurofilaments. We chose four 311 transcripts that were abundant in control axons and significantly downregulated after learning: the Ras-312 related protein Rab3a, which regulates synaptic vesicle fusion, the N-myc downstream regulated gene 313 Ndrg4, the Rab GDP dissociation inhibitor Gdi1, and Ap2m1, a subunit of the adaptor protein complex 314 2 which mediates synaptic vesicle endocytosis. Successful FISH labeling required target retrieval 315 treatments, including protease digestion, which proved incompatible with immunolabeling of 316 cytoplasmic GFP in TE3 axons. The monoclonal antibody cocktail SMI 312, which recognizes heavily 317 phosphorylated axonal neurofilaments, was used to identify axons. Rats were given control training 318 and brains were collected at the same time point as in the TRAP experiments. All four mRNA probes, 319
but not the negative control probe, showed punctate labeling in the LA neuropil, with some puncta 320 colocalized with axonal neurofilaments ( Figure 5, Supplementary Figure 8) . 321 Transcript-level correspondence of axonal and cortical mRNA 323 324
Because alternative splicing could differ between the axons and cortex, we used Cufflinks 325 software to compare expression at the transcript level (Supplementary Table 9 ). This analysis identified 326 three genes that were not regulated at the gene level, but had one transcript upregulated (Gng2) or 327 downregulated (Snx27, Speg) in axons while a second transcript was not (Supplementary Figure 8a) .
328
Although multiple transcripts were identified for 133 of the 2185 differentially expressed genes, only 329 one, Gria2, had one transcript significantly enriched in axons and another in cortex. Of the 656 genes 330 that were regulated by learning in both the axons and cortex, 54 had more than one transcript, and in 331 9 cases the same transcript was regulated in both ( Supplementary Figure 9b-c) . To assess how 332 learning effects were distributed among transcripts in the two areas, we calculated a "contribution score" 333 for each transcript, indicating the fraction of the effect on its parent gene it represents. These scores 334
were correlated between the axons and cortex (Figure 4g ), indicating a high degree of coordinated 335 regulation transcript level, similar to that seen at the gene level. Nevertheless, nine genes had 336 transcripts whose axonal and cortical scores differed by >0.3, meaning that more than 30% of the 337 learning effect was on different transcripts ( Supplementary Figure 9b- which are subject to regulated transport and reactivation. 54 In addition, mRNAs can be transported and 359 stored in a dormant state prior to initiation 53 . Rather than being newly trafficked from the soma, 360 transcripts upregulated in the axons could result from unmasking of preexisting axonal mRNAs, and 361 concomitant depletion from the cortex does not preclude upregulation of new, masked transcripts.
362
Transcripts downregulated in the axons could reflect accelerated elongation in response to learning, or 363 activation of stalled ribosomes, potentially with initiation and subsequent stalling of transcripts in the 364 cortex to replenish the axonal supply. It should be noted that because our cortical samples contained 365 intrinsic and corticocortical axons, it is possible that some of our data derive from asynchronous 366 changes in proximal versus distal axons, potentially due to more rapid trafficking of mRNA from the 367 soma or differential regulation in the proximal axons. We found an assortment of initiation factors and 368 genes coding for them, along with spliceosome components, in axons, making it likely that at least 369 some axonal translation is locally initiated. The presence of genes associated with structures 370 surrounding axons, such as myelin basic protein (Mbp), spinophilin (Ppp1r9b), dendrin (Ddn), and the 371 shank proteins (Shank1, 2, and 3), could reflect previously unknown axonal functions of these proteins, 372 as perhaps evidenced by the presence of Mbp mRNA in unmyelinated cultured axons 17 . Alternatively, 373 this could result either from trans-endocytosis between dendritic spines and axonal boutons 55 or 374 exosomal transfer between myelin and the axon shaft 14, 34 . Translation regulation in axons is likely to 375 be extensively regulated through multiple mechanisms, the details of which are yet to be fully 376 discovered.
377
The spatiotemporal uncoupling of translation from transcription has unique implications in the 378 brain, which is itself functionally compartmentalized. The increasing use of gene expression to catalog 379 cells and brain areas, along with genetic targeting of brain circuits, will need to be reexamined if axonal 380 translation is widespread in the adult brain. The idea that translation can be spatially regulated has 381 gradually gained acceptance in a number of contexts, but these continue to be considered exceptional 382 circumstances. Our results counter the longstanding assumption that axonal translation does not occur 383 in the adult brain, and the number and variety of transcripts we identified suggests that spatial regulation 384 could be a fundamental component of translation. All sections from the brains injected with LV-CMV-eYFP-L10a were examined to confirm that 423 there were no infected cell bodies outside of the TE3 injection site. The area around the LA was 424 dissected out of the immunolabeled sections for electron microscopy. Tissue was processed for 425 electron microscopy as previously described 32 . Briefly, tissue was postfixed in reduced osmium (1% 426 osmium tetroxide/1.5% potassium ferrocyanide) followed by 1% osmium tetroxide, dehydrated in a 427 graded series of ethanol with 1.5% uranyl acetate, infiltrated with LX-112 resin in acetone, embedded 428 in resin, and cured at 60° for 48 hours. 45nm sections were cut on an ultramicrotome (Leica) and 429 imaged on a JEOL 1200EX-II electron microscope at 25,000X on an AMT digital camera. Images were 430 cropped and contrast adjusted using Photoshop (Adobe).
431
For quantification of eIF4E immunolabel, serial 45 nm sections (average 97+/-5) were imaged 432 from each of the six samples. A 4 x 4 µm square was defined in the middle of the central section of 433 each series, and every profile within the square was followed through serial sections to determine its 434 identity and whether it contained label within the series. If a profile could not be definitively identified 435 as an axon, dendrite, spine, or glial process within the series, it was classified as unidentified. 436 437 Antibodies
438
Antibody sources and dilutions for immunohistochemistry were as follows: anti-eIF4E rabbit 439 polyclonal (Bethyl Labs A301-154A, lot# A301-154A-1) 1:500, anti-eIF4G1 mouse polyclonal (Abnova 440 H00001981-A01, lot# 08213-2A9) 1:500, anti-eIF2α mouse monoclonal (Cell Signaling L57A5, lot# 3) 441 1:500, anti-GFP mouse monoclonal (Invitrogen A11120, clone# 3E6) 1:1000, and anti-neurofilament 442 (highly phosphorylated medium and heavy) mouse monoclonal cocktail (BioLegend SMI 312 Lot# 443 B263754). To confirm antigen recognition by the polyclonals to eIF4E and eIF4G, the primary 444 antibodies were preadsorbed before use with a 10-fold excess of the immunizing peptide obtained from 445 the antibody supplier, which reduced the density of labeled structures by 97-98%. To control for 446 specificity of the GFP antibodies, tissue from animals without viral injections was run in parallel and did 447 not result in labeled structures. For immunoprecipitation of eYFP-L10a, two mouse monoclonal anti-448 GFP antibodies (HtzGFP-19F7 lot# 1/BXC_4789/0513 and HtzGFP-19C8 lot# 1/BXC_4788/0513; 449
York, NY) were used as described below. SMI 312 is a cocktail of affinity-purified mouse monoclonal 451 antibodies that recognize highly phosphorylated medium and heavy neurofilament polypeptides 452 453
Cloning and virus packaging 454 pAAV-CMV-eYFP-L10a was a generous gift from Dr. Thomas Launey (RIKEN Brain Science 455
Institute, Wako, Japan 42 ). YFP-L10a was excised from pAAV-CMV-eYFP-L10a using Nhe I and Xho I.
456
The ~1.4 kb band was gel purified (QiaQuick Gel Extraction Kit, Qiagen, Hilden, Germany). pLV-eGFP 457 (purchased from Adgene) was digested with Xba I and Sal I, and the ~6.7 kb band was gel purified.
458
The eYFP-L10a and pLV backbone were then ligated according to the manufacturer's protocol (T4 DNA  459 ligase, ThermoFisher Scientific, Springfield Township, NJ). Virus (VSVG.HIV.SIN.cPPT.CMV.eYFP-460 L10a) was packaged by The University of Pennsylvania Vector Core. Viral titer was 2.29e09 GC 461 (genome copies)/mL. 462 463
Immunoprecipitation and RNA isolation 464 Exactly two hours after the start of behavioral training, rats (n=10 per group) were deeply 465 anesthetized with chloral hydrate (1.5mg/kg) and perfused transcardially with 20ml ice cold oxygenated 466 artificial cerebrospinal fluid (ACSF) consisting of 125mM NaCl, 3.3mM KCl, 1.2mM NaH2PO4, 25mM 467 NaHCO3, 0.5mM CaCl2, 7mM MgSO4, and 15mM glucose with 50µM cycloheximide. Brains were 468 quickly removed, blocked coronally around the amygdala and auditory cortex, and the two hemispheres 469 separated and incubated in the perfusion solution for 4-5 minutes. Each hemisphere was then bisected 470 along the rhinal fissure. The cortex of the dorsal half was peeled away from the underlying hippocampus 471 and the area containing TE3 was dissected out. A smaller block containing the amygdala was dissected 472 from the ventral half by peeling away the ventral hippocampus, trimming off the cortex lateral to the 473 external capsule and trimming away the hypothalamus and medial portion of the striatum. The TE3 and 474 amygdala blocks were quickly frozen in liquid nitrogen and stored at -80°C. Control and trained animals 475 were run in parallel and tissue was collected in the middle of the animals' light cycle.
476
The polysome purification and RNA extraction were performed according to published 477 protocols 40, 42 . TE3 or amygdala tissues from 5 animals were pooled (resulting in 2 biological replicates 478 per group for sequencing), as pilot experiments found that this yielded sufficient mRNA. RNasin® Ribonuclease Inhibitor and 100 µl SUPERase In™ RNase inhibitor, 100ug/ml cycloheximide) 499 and incubated for 1h at room temperature with 50µg of each antibody. The beads were then washed 3 500 times with 0.15M KCl IP wash buffer and resuspended in the same buffer with 30mM DHPC. 501
The RNA was extracted and purified with Stratagene Absolutely RNA Nanoprep Kit (Agilent 502
Technologies, Santa Clara, CA) according to the manufacturer's instructions. All the buffers were 503 provided with the kit except otherwise specified. Briefly, the beads were resuspended in Lysis Buffer 504 with ß-mercaptoethanol, incubated for 10 min at room temperature. 80% Sulfolane (Sigma) was added 505 to the samples and the samples were mixed for 5-10sec, then added to an RNA-binding nano-spin cup 506 and washed with a Low Salt Washing Buffer by centrifuge for 1min at 12,000 x g at room temperature.
507
DNA was digested by mixing the DNase Digestion Buffer and the samples for 15 min at 37C. Then, the 508 samples were washed with High Salt Washing Buffer, Low Salt Washing Buffer and centrifuged for 509 1min at 12,000 x g. Finally, the samples were eluted with Elution Buffer and centrifuge for 5min at 510 12,000 x g at room temperature. The isolated RNA was stored at -80°C. 511 512
Sequencing and differential gene expression (DGE) analysis
RNASeq libraries were made using the SMART-Seq v4 Ultra Low Input RNA Kit for Illumina 514 Sequencing, with the Low Input Library Prep kit v2 (Clontech, Cat # 634890 and 634899, respectively), 515 using 50-200 pg of total RNA. 16 cycles of PCR were used for the cDNA amplification step, and 5 PCR 516
cycles to amplify the library prep. Libraries were run on an Illumina HiSeq 2500 instrument, using a 517 paired end 50 protocol; 8 samples were pooled per lane of a high output paired end flow cell, using 518 Illumina v4 chemistry.
519
Raw sequencing data were received in FASTQ format. Read mapping was performed using 520
Tophat 2.0.9 against the rn6 rat reference genome. The resulting BAM alignment files were processed 521 using the HTSeq 0.6.1 python framework and respective rn6 GTF gene annotation, obtained from the 522 UCSC database. Subsequently the Bioconductor package DESeq2(3.2) was used to identify 523 differentially expressed genes (DEG). This package provides statistics for determination of DEG using 524 a model based on the negative binomial distribution. The resulting values were then adjusted using the 525
Benjamini and Hochberg's method for controlling the false discovery rate (FDR). Genes with an 526 adjusted p-value < 0.05 were determined to be differentially expressed. For transcript-level analysis, 527 the Cufflinks suite (version 2.2.1) was used. ANOVAs and post hoc Bonferroni tests were run using 528 the STATISTICA software package (StatSoft). Raw sequencing data and analysis are available in the 529 NCBI Gene Expression Omnibus (accession # GSE124592). 530 531
Filtering of DGE results

532
To isolate the axonal translatome with as few false positives as possible, we employed a 533 stringent filtering strategy to our DGE data. Twelve comparisons were run between the 8 samples: the 534
TRAPed mRNAs from the axons and cortex were compared to each other separately in each of the 535 training conditions, and the conditions were compared to each other separately in the two brain areas.
536
The same analysis was performed on the tissue transcriptome samples, and each of the four TRAPed 537 samples was compared directly to its corresponding transcriptome. To assemble a list of axonal 538 mRNAs, we began with the comparisons between the TRAPed samples, since this should account for 539 much of the IP background. Because of potential background noise and variability between the 540 individual samples preparations, we excluded genes from each TRAP comparison if the same effect 541 was observed in the corresponding transcriptome comparison. In addition, genes enriched in a given 542 comparison between TRAP samples were excluded if they were not also enriched versus the 543 transcriptome. Although both of these steps likely result in many false negatives, particularly among 544 transcripts that are highly abundant or ubiquitous in the tissue, we felt that excluding potential false 545 positives was crucial given the novelty of our dataset. Adult male rats (n=4) were given control training and perfused two hours later with 4% 563 paraformaldehyde in 0.1M phosphate buffer, pH 7.4. Brains were sectioned at 40µm on a vibrating 564 tissue slicer (Leica) and mounted on glass slides. RNA was detected using the RNAscope 2.5 HD RED 565 kit (Advanced Cell Diagnostics, Inc.) according to the manufacturer's instructions, with the exception 566 that the incubation time for the fifth amplification step was doubled to increase the diameter of the 567 puncta. Each section was labeled with one of five probes: Rab3a, Ndrg4, Ap2m1, Gdi1, or DapB 568 (negative control). Sections were blocked overnight in 1% bovine serum albumin with 0.1% Triton-X in 569 phosphate buffered saline, then incubated with primary antibody at 1:500 for 48 hours at 4° followed 570 by 1:200 Alexa-488 goat anti-mouse for one hour at room temperature. Slides were stained with DAPI, 571 mounted in Prolong Gold (Invitrogen), and imaged on a Leica TCS SP8 confocal microscope (Leica 572 Microsystems). Z stacks were collected using a 63x 1.40 HC PL APO oil immersion lens and z step 573 size of 0.3 microns. All sections were stained in parallel with the same batches of probes and antibody. 574
Laser intensity and gain were constant for all images and brightness and contrast were not adjusted.
575
Maximum intensity projections were created in ImageJ. 576 577 
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